Copyright © 2014 International Anesthesia Research Society DOI: 10.1213/ANE.0000000000000340 W orldwide, 1 in 5 people experience moderate to severe chronic pain, and 1 in 3 is unable or less able to conduct an independent lifestyle due to their pain. 1 Thus, the annual cost of chronic pain in America is estimated to be >$560 to 635 billion. 1 Most of this cost is due to medications, which have not been as effective as one would have hoped. Therefore, nonpharmacological strategies such as resistance exercise (RE) have been widely used as a potent therapeutic approach for pain treatment, not only for providing relief from symptoms but also especially for reducing the financial burden and side effects associated with chronic use of analgesic and anti-inflammatory medicines. In addition, some studies demonstrated that RE is effective in reducing pain and improving motor function in patients with osteoarthritis of the knee and rheumatoid arthritis. [2] [3] [4] Furthermore, RE can potentially counteract the functional limitations and pain symptoms seen in patients with musculoskeletal disorders such as lateral epicondylosis, fibromyalgia, and patellar tendinopathy. 5, 6 Harts et al. 7 also demonstrated that an RE program was efficient in producing a better quality of life, with a consequent reduction of pain symptoms in patients with chronic low back pain.
Although the analgesic effects induced by RE are well documented, the underlying mechanisms are not well understood. Recent studies published by our group demonstrated that endogenous opiates, nitric oxide, and norepinephrine are involved in this effect, [8] [9] [10] but other endogenous antinociceptive mediators may also participate. Among these, endocannabinoids have received great attention, and several studies have demonstrated their importance in the control of pain. 11, 12 Furthermore, studies have suggested that the endocannabinoid and endorphin systems are "linked'' to promote synergistically several physiological effects. 13 The endocannabinoid system is formed by cannabinoid receptors of type 1 (CB 1 ) and type 2 (CB 2 ); endogenous receptor ligands, such as anandamide (AEA) and 2-arachidonoylglycerol (2-AG), which are often accompanied in tissues by noncannabinoid receptor-active congeners, such as palmitoylethanolamide (PEA) and oleoylethanolamide (OEA); and endocannabinoid metabolizing enzymes, such as the enzyme fatty acid amide hydrolase (FAAH), monoacylglycerol lipase (MGL), and a putative anandamide reuptake process. 14 Importantly, some studies revealed that exercise increases endocannabinoid signaling and produces sensitization of cannabinoid receptors in mouse brain. 15, 16 Finally, Sparling et al. 17 demonstrated that acute exercise increases AEA plasma levels in humans. However, these BACKGROUND: Resistance exercise (RE) is also known as strength training, and it is performed to increase the strength and mass of muscles, bone strength, and metabolism. RE has been increasingly prescribed for pain relief. However, the endogenous mechanisms underlying this antinociceptive effect are still largely unexplored. Thus, we investigated the involvement of the endocannabinoid system in RE-induced antinociception. METHODS: Male Wistar rats were submitted to acute RE in a weight-lifting model. The nociceptive threshold was measured by a mechanical nociceptive test (paw pressure) before and after exercise. To investigate the involvement of cannabinoid receptors and endocannabinoids in RE-induced antinociception, cannabinoid receptor inverse agonists, endocannabinoid metabolizing enzyme inhibitors, and an anandamide reuptake inhibitor were injected before RE. After RE, CB 1 cannabinoid receptors were quantified in rat brain tissue by Western blot and immunofluorescence. In addition, endocannabinoid plasma levels were measured by isotope dilution-liquid chromatography mass spectrometry. RESULTS: RE-induced antinociception was prevented by preinjection with CB 1 and CB 2 cannabinoid receptor inverse agonists. By contrast, preadministration of metabolizing enzyme inhibitors and the anandamide reuptake inhibitor prolonged and enhanced this effect. RE also produced an increase in the expression and activation of CB 1 cannabinoid receptors in rat brain tissue and in the dorsolateral and ventrolateral periaqueductal regions and an increase in endocannabinoid plasma levels. CONCLUSIONS: The present study suggests that a single session of RE activates the endocannabinoid system to induce antinociception. (Anesth Analg 2014;119:702- 15) Acute Resistance Exercise Induces Antinociception by Activation of the Endocannabinoid System in Rats previous works were conducted with aerobic exercise. Thus, the aim of present study was to investigate the hypothesis that the endocannabinoid system is involved in RE-induced antinociception.
METHODS Animals
The experiments were performed in accordance with the International Association for the Study of Pain guidelines on the use of laboratory animals, 18 
Drugs
The following drugs were used in this study: N-(piperidin-
, a CB 2 cannabinoid receptor inverse agonist; (5Z,8Z,11Z,14Z)-5,8,11,14-eicosatetraenyl-methyl ester phosphonofluoridic acid (MAFP), an irreversible nonselective FAAH inhibitor; 4-[bis(1,3-benzodioxol-5-yl) hydroxymethyl]-1-piperidinecarboxylic acid 4-nitrophenyl ester (JZL184), a potent and selective MGL inhibitor; (5Z,8Z,11Z,14Z)-N-(4-hydroxy-2-methylphenyl)-5,8,11,14eicosatetraenamide (VDM11), a selective inhibitor of AEA cellular reuptake. All drugs were purchased from Tocris Bioscience (Ellisville, MO). AM251, AM630, and JZL184 were dissolved in a physiological saline and dimethyl sulphoxide (20%, Sigma-Aldrich, St. Louis, MO) vehicle. MAFP was dissolved in a physiological saline and ethanol (20%, Merck, Whitehouse Station, NJ) vehicle, and VDM11 was dissolved in a Tocrisolve (Tocris) vehicle. All drugs were administered in volumes of 1 mL/kg subcutaneous (SC), 10 μL intrathecal (IT), and 5 μL intracerebroventricular (ICV). Each of the substances, vehicles, or diluents was tested alone and did not alter the nociceptive threshold.
Injections

Subcutaneous Injection
The SC injections were given into the dorsal nuchal area of the rats in a volume of 1 mL/kg, 10 minutes before the start of RE in the exercise groups.
Intrathecal Injection
The IT injections were given in a volume of 10 μL in the subarachnoid space between L5 and L6 using a 30-G X 1⁄2-inch needle and a 50-μL Hamilton syringe. 19 An IT injection is stressful for rats and, according to International Association for the Study of Pain recommendation, requires anesthesia. Thus, before injection, rats were slightly anesthetized with isoflurane (3.5%) and recovered 5 minutes after the removal from the anesthesia chamber. Correct IT positioning of the needle tip was confirmed by a characteristic tail-flick response. Lidocaine 4% (10 μL) was administered to a group of test animals, using temporary paralysis of the hind limbs as an end point to confirm the effectiveness of the injection technique. The IT injections were administered immediately before RE.
Intracerebroventricular Injection
Initially, before ICV injections, each rat was anesthetized with a mixture of ketamine (80 mg/kg) and xylazine (10 mg/kg) injected intraperitoneally, and then placed in a stereotaxic apparatus (Stoelting Co, Wood Dale, IL). A 22-gauge, 12-mm stainless steel guide cannula was inserted into the right lateral ventricle of the brain. The cannula was aimed at the following coordinates: 1.5 mm posterior to the bregma, 2.5 mm lateral to the midline, and 3.3 mm below the top of the skull. 20 Animals were allowed 5-day recovery periods before experiments were initiated. The volume of the solutions to be injected into the lateral ventricle was 5 μL, and the injection was made over a period of 120 s, with the animals restrained. The ICV injections also were administered immediately before RE.
Intra-dlPAG and vlPAG Injection
The animals were anesthetized with ketamine (80 mg/kg) and xylazine (10 mg/kg) intraperitoneally and fixed to a stereotaxic apparatus. A stainless steel guide cannula (0.6 mm OD) was implanted unilaterally on the right side aimed at the dorsolateral periaqueductal gray (dlPAG) (coordinates: anterior-posterior [AP] = 0 from lambda, L = 1.9 mm at an angle of 16°, D = 4.0 mm) and the ventrolateral periaqueductal gray (vlPAG) (coordinates: AP = 0.7 mm, L = 1.7 mm, V = 6.1 mm), according to the atlas published by Paxinos and Watson. 20 The cannula was attached to the bones with stainless steel screws and acrylic cement. An obturator was used inside the guide cannula to prevent obstruction. 21 The injection was performed by gently holding the animal to remove the obturator and introduce the guide cannula (12 mm). A volume of 0.2 μL (1 μL/min) was injected in 30 seconds using a microsyringe (Hamilton) connected to an infusion pump (Insight, Brazil) through a polyethylene catheter (PE10) that was interposed between the upper end of the dental needle and the syringe. To prevent reflux, the needle was left in place for 30 seconds after the end of each injection. Animals were allowed 5-day recovery periods before experiments were initiated. Intraperiaqueductal gray (PAG) injections were administered immediately before the RE protocol.
Resistance Exercise
Acute RE was performed using a weight-lifting exercise model. 22 Rats were fitted with a canvas jacket that allowed them to regulate the twisting and flexing of their torsos. They were then suspended in a standard position on their hind limbs. An electrical stimulation (20 V, 0.3 seconds duration at 3-second intervals) was applied to the rat's tail through a surface electrode, which caused the rats to flex their legs repeatedly, which lifted the weight-arm of the exercise apparatus. Animals were exercised for 15 sets of 15 repetitions, with a 120-second rest between each set. The total RE time was 7.5 minutes. In each group, RE was started after 2 days of adaptation (rats were fastened to the apparatus for 10 min/d to familiarize them with exercise, reducing the effects of stress). After measurement of www.anesthesia-analgesia.org aNeStheSia & aNalgeSia the maximum weight lifted (1 repetition maximum), the exercise load was set at 70% of 1 repetition maximum.
The groups were divided into the following groups (n = 6 animals per group): control (Co): animals that did not perform exercise and received saline; acute RE: RE rats that exercised and received saline; RE + AM251: animals pretreated with CB 1 receptor inverse agonist and exercised; RE + AM630: animals pretreated with CB 2 receptor inverse agonist and exercised; RE + MAFP: animals pretreated with irreversible nonselective FAAH inhibitor and exercised; RE + JZL184: animals pretreated with the selective MGL inhibitor and exercised; RE + VDM11: animals pretreated with an inhibitor of AEA cellular reuptake and exercised. Each of the substances, vehicles, or diluents was tested alone and did not produce antinociception. A control group received the same numbers of electrical stimulus applied during the RE protocol, and there was no change in the nociceptive threshold (data not shown).
Nociceptive Test
The mechanical nociceptive threshold was assessed by response to a paw-pressure test. 23 In a quiet room, 1 hour before the testing began, rats were placed in acrylic cages (12 × 20 × 17 cm) that had wire-grid floors. An analgesimeter (Ugo Basile, Comerio, Italy) with a cone-shaped paw-presser that had a rounded tip (9-mm base diameter) was used to apply a linearly increasing force to the hindpaw. The pressure intensity in grams that caused an escape reaction was defined as the nociceptive threshold. A maximum intensity of 300 g was used to reduce the possibility of damage to the paws. The nociceptive threshold was measured in the right paw and determined as the average of 3 consecutive measurements.
Western Blot Analysis
A group of nonexercised animals (control, n = 5) and a group of exercised animals (n = 5) were killed by decapitation and immediately afterward brains were homogenized in RIPA buffer and in a cocktail of protease inhibitors (Sigma-Aldrich). Two hundred milligrams of brain tissue for each 500 μL of lysis buffer was used. The samples were centrifuged at 10,000 rpm for 10 minutes, and the amount of protein was measured using the method of Lowry et al. 24 Proteins were separated by 12% SDS-PAGE and transferred onto polyvinylidene difluoride nylon membranes. The blots were probed with rabbit polyclonal antibody against CB 1 cannabinoid receptors (1:200; Abcam, Cambridge, MA) and then with horseradish peroxidase-conjugated secondary antibody (1:2000; Santa Cruz Biotechnology, Santa Cruz, CA). Using an ECL detection kit (Amersham Pharmacia Biotech, Little Chalfont, UK), ECL films were scanned densitometrically, and the optical density of bands was quantified using Image J software, version 1.44 (http://rsb.info.nih.gov/ij/; accessed November 10, 2012).
Cannabinoid Receptor and c-FOS Double Immunofluorescence
To show the presence of colocalization of CB 1 receptors and c-FOS in the PAG, we performed a double-label immunofluorescence in sections from the dlPAG and vlPAG as previously described by Casarotto et al. 25 Briefly, another group of exercised rats (n = 5) and a group of nonexercised rats (n = 5) were anesthetized 2 hours after RE with deep urethane anesthesia and perfused transcardially with saline followed by 4% paraformaldehyde (4%) in 0.1 M phosphate buffer saline (PBS, pH 7.4). The brains were removed and postfixed over 2 hours in paraformaldehyde 4% and stored for at least 30 hours in 30% sucrose for cryoprotection. Coronal sections (25 μm) were obtained in a cryostat and were washed in PBS 0.01 M. After this, the sections were incubated in glycine 0.1 M, washed again, and incubated for 1 hour in 5% bovine serum albumin (BSA, Sigma) in PBS 0.01 M, pH 7.4 containing 0.3% Triton X-100. The sections were then incubated for 2 days at room temperature in a mixture of anti-CB1 receptor N-terminus (diluted 1:200, Santa Cruz raised in goat) to c-FOS N-terminus (diluted 1:2000, Santa Cruz raised in rabbit) diluted in PBS 0.01 M containing BSA 5% and 0.3% Triton X-100. After incubation in the primary antiserum, the tissue sections were washed in PBS and sequentially incubated for 1 hour in a mixture of Alexa 594 donkey anti-rabbit IgGs (1:1000; Molecular Probes, Eugene, OR) and Alexa 488 donkey anti-goat IgGs (1:1000; Molecular Probes). Slides were then rinsed in PBS and cover-slipped with Fluormount-G (Electron Microscopy Sciences, Hatfield, PA). Images from sections were first obtained using an Olympus BX50 microscope through a computerized image system (Image Pro-Plus 4.0, Media Cybernetics). For a more detailed analysis of the double-stained cells, the slides were reexamined using an Olympus FV300 confocal system in an upright configuration (BX61WI microscope) and an UPlan FLN10X/0.3 objective. The immunostained slides (Alexa Fluor 488-coupled anti-CB 1 cannabinoid receptors; Alexa Fluor 546-coupled anti-c-FOS) were excited by an argon laser at the wavelength of 488 nm and a He-Ne laser at 543 nm, respectively. The fluorescence emission was separated by a dichroic mirror at 570 nm and collected using band pass filters at 510 to 540 nm for the Alexa 488 (green channel) and at 560 to 600 nm for the Alexa 546 (red channel). The green and red channels were merged digitally by the Olympus Fluoview software, and the images were exported in TIFF format. Because immunofluorescence controls for nonspecific labeling, the brain sections were incubated without primary antibodies.
Analysis of Immunofluorescence Data
The identification method of double-stained cells was similar to that described in previous works. 21, 26 The number of c-FOS-like immunoreactive cells, CB 1 immunoreactive cells, and double-stained cells were manually counted with the help of a computerized image analysis system Image J 1.42q (Wayne Rasband, National Institutes of Health, Bethesda, MD). An observer blind to group assignment performed the analysis. For each group, one section from each animal was evaluated. All stained cells in the whole area of each brain region-of-interest were recorded. Neuroanatomical sites were identified with the help of the Paxinos and Watson's atlas. 20 The AP localization from bregma of the analyzed regions was as follows: rostral portion containing the dlPAG and vlPAG was represented by level −7.4 mm from bregma.
Plasma Collection
Exercised and nonexercised rats were anesthetized with ketamine and xylazine (n = 5 animals per group). Blood collection was performed by cardiac puncture using a preheparinized needle (80 × 10 inches) and centrifuged for 10 minutes (2000 rpm, 313.6 G force). Plasma was collected and stored in polyethylene tubes in a −80°C freezer for future doses of endocannabinoids. In the RE group, plasma was collected immediately after exercise and after anesthesia (about 3 minutes after the end of exercise).
Liquid Chromatography Mass Spectrometry Analysis
Plasma was treated with 5 vol of chloroform/methanol (2:1) containing 10 pmol of d 8 -AEA, 2-AG, PEA, and OEA and sonicated. The extract was centrifuged at 13,000g for 16 minutes (4°C), the aqueous phase plus debris were collected and extracted twice again with 1 vol of chloroform. The organic phases from the 3 extractions were pooled, and the organic solvents were evaporated in a rotating evaporator. Lyophilized extracts were resuspended in chloroform/ methanol (99:1, v v-1). The solutions were then purified by open-bed chromatography on silica. 27 Fractions eluted with chloroform/methanol (9:1, v v-1) and containing AEA, PEA, 2-AG, and OEA were collected. The excess solvent was evaporated with a rotating evaporator, and aliquots were analyzed by isotope dilution-liquid chromatography/ atmospheric pressure chemical ionization/mass spectrometry performed under conditions described by Marsicano et al., 28 allowing the separation of 2-AG, PEA, AEA, and OEA. Results are expressed as picomole per milliliter of plasma.
Research Design
First, the baseline latency (BL) of the nociceptive threshold of rats was measured in the paw-pressure test. In exercised groups, it was measured before beginning the exercise. After 1, 15, and 30 minutes of cessation of exercise, new measurements of the nociceptive threshold were made. In the control group (nonexercise rats), nociceptive threshold measurements were made at the same time intervals as in exercised animals. The drugs were always injected after measuring the nociceptive threshold and before the onset of exercise.
Statistical Analysis
Values from each variable were measured before (BL) and after exercise (1, 15, 30, or 45 minutes) in the same animal of each group (n = 6) (Figs. 1, 2 and 3; Tables 1, 2, and 3) , and these values were used for further calculations. BL data were compared with those of later time points after the end of exercise using 1-way analysis of variance. In other groups, drugs were given 10 minutes (SC) or immediately before BL, and data points were measured immediately and at 15-minute intervals at the end of exercise (Figs. 1, 2 and 3; Tables 1, 2, and 3) .
All results are presented as means ± SEM of the evaluated parameter and were analyzed for statistical significance by analysis of variance followed by Student t tests protected by Bonferroni post hoc. Statistical analysis was evaluated by comparison of mechanical nociceptive thresholds between groups in each time interval. In accord with aim of study, comparisons were not made between the mechanical nociceptive thresholds of the same group in each time interval. For all experiments, P < 0.01 was considered to represent a statistically significant difference and the data are reported as mean (99% 2-tailed confidence interval [CI]). The t test (comparisons between 2 groups) was used for the results obtained by Western blot analysis, immunofluorescence data, and liquid chromatography mass spectrometry (n = 5) before and after exercise compared with the control group. Statistical analysis and preparation of figures were performed using GraphPad Prism Software, version 5 (GraphPad Software, La Jolla, CA).
RESULTS
The Endocannabinoid System Is Involved Systemically in Resistance Exercise-Induced Antinociception
The mechanical nociceptive threshold increased (P = 0.000, F 3,20 = 7.74, CI 99%: 23.82 to 59.18, n = 6) immediately after 1 minute of RE, returning to BL levels after 15 minutes. This effect was significantly prevented by preinjection of CB 1 and CB 2 cannabinoid receptor inverse agonists (AM251 www.anesthesia-analgesia.org aNeStheSia & aNalgeSia 4 mg/kg) (P = 0.000, F 3,20 = 7.74, CI 99%: -61.93 to -26.57, n = 6) and AM630 (4 mg/kg) (P = .000, F 3,20 = 7.74, CI 99%: −65.18 to −29.82, n = 6), respectively (Fig. 1A) . RE-induced antinociception was enhanced by systemic preinjection of MAFP (2 mg/kg) after 1 (P = 0.000, F 4,25 = 15.19, CI 95%: 66.39 to 119.6, n = 6) and 15 minutes (P = 0.009, F 4,25 = 15.19, CI 99%: 39.89 to 93.11) at the end of RE. The same effects were found with systemic pretreatment of JZL184 (4 mg/kg) after 1 (P = 0.000, F 4,25 = 15.19, CI 99%: 58.51 to 116.0, n = 6) and 15 minutes (P = 0.007, F 4,25 = 15.19, CI 99%: 16.76 to 74.24). Furthermore, these metabolizing enzyme inhibitors prolonged (P = 0.004, F 4,25 = 15.19, CI 99%: 19.96 to 56.71) the antinociceptive effect from 1 to 15 minutes (Fig. 1B) . In addition, the AEA reuptake inhibitor VDM11 (2.5 mg/kg) also significantly prolonged (P = 0.001, F 4,25 = 15.19, CI 99%: 18.76 to 65.23, n = 6) the antinociception found after RE, for >30 minutes, and enhanced this effect after 1 (P = 0.000, F Fig. 1B) . Each of the substances, vehicles, or diluents was also tested alone and neither did produce antinociception nor did it change the performance of the exercised rats.
The Endocannabinoid System Is Involved Centrally in Resistance Exercise-Induced Antinociception
Administration of IT AM251 (30 μg/10 μL) (P = 0.001, F 3,20 = 5.94, CI 99%: −58.63 to −17.87, n = 6) and AM630 (10 μg/10 μL) (P = 0.001, F 3,20 = 5.94, CI 99%: −61.13 to −20.37, n = 6) immediately before RE significantly prevented the antinociceptive effect observed after exercise in the pawpressure test from 231.2 (± 6.0) to 188.7 g (± 9.9) and 190.5 g (± 8.8) ( Fig. 2A) . The preinjection of MAFP (10 μg/10 μL) enhanced the antinociception found immediately after RE from 231.2 (± 6.0) to 275.5 g (± 12.2) (P = 0.001, F 4,25 = 16.01, CI 99%: 24.09 to 64.41, n = 6). Furthermore, this effect was increased after 15 minutes from 198.7 (± 9.6) to 240.7 g (± 7.78) (P = 0.004, F 4,25 = 16.01, CI 99%: 21.84 to 62.16) and from 188.0 (± 6.16) to 229.7 g (± 6.92) after (P = 0.000, F 4,25 = 16.01, CI 99%: 23.09 to 63.41) 30 minutes of RE (Fig. 2B ). JZL184 (7 μg/10 μL) also enhanced the antinociceptive effect after 1 minute of RE from 231.2 (± 6.0) to 265.2 g (± 1.5) (P = 0.009, F 4,25 = 16.01, CI 99%: 13.84 to 54.16, n = 6) and after 15 minutes from 198.7 (± 9.6) to 236.00 g (± 9.4) (P = 0.009, F 4,25 = 16.01, CI 99%: 17.09 to 57.41). Thus, JZL184 IT preinjection prolonged the duration of this effect from 1 to 15 minutes (Fig. 2B ). In addition, VDM11 (10 μg/10 μL, IT) enhanced the antinociceptive effect induced by RE after 1 minute from 231.2 (± 6.0) to 275.2 g (± 7.2) (P = 0.001, F 4,25 = 16.01, CI 99%: 23.84 to 64.16, n = 6), 15 minutes from 198.7 (± 9.6) to 240.7 g (± 1.00) (P = 0.003, F 4,25 = 16.01, CI 99%: 23.34 to 63.66), and 30 minutes from 188.0 (± 6.16) to 225.5 g (± 3.3) (P = 0.001, F 4,25 = 16.01, CI 99%: 17.34 to 57.66). This effect was also prolonged from 1 to 30 minutes by VDM11 (P = 0.001) (Fig. 2B) .
When preadministered ICV immediately before RE, both cannabinoid receptor inverse agonists also prevented the antinociception found after 1 minute of RE. AM251 (6 μg/5 μL) prevented the increase of mechanical nociceptive threshold from 231.2 (± 6.0) to 188.7 g (± 9.9) (P = 0.001, F 3,20 = 6.41, CI 99%: −61.16 to −20.34, n = 6) and AM630 (10 μg/5 μL) from 231.2 (± 8.0) to 190.5 g (± 8.8) (P = 0.001, F 3,20 = 6.41, CI 99%: −62.61 to −21.36, n = 6) ( Fig. 3A) . Furthermore, the antinociceptive effect produced by RE was prolonged from 1 to 30 minutes and enhanced after 1 minute (P = 0.009, F 4,25 = 7.48, CI 99%: 8.385 to 72.12, n = 6) from 231.2 (± 6.0) to 271.5 g (± 8.5), 15 minutes (P = 0.004, F 4,25 = 7.48, CI 99%: 35.88 to 99.62) from 198.7 (± 9.6) to 266.5 g (± 10.8) and 30 minutes (P = 0.004, F 4,25 = 7.48, CI 95%: 2.635 to 66.37) from 188.00 (± 6.1) to 222.5 g (± 9.5) by ICV preinjection of MAFP (0.4 μg/5 μL) (Fig. 3B) . Similar results were found by ICV preinjection of JZL184 (7 μg/5 μL), which enhanced (P = 0.005, F 4,25 = 7.48, CI 95%: 5.885 to 69.62, n = 6) the antinociceptive effect observed after the first minute of RE, from 231.25 (± 6.0) to 269.00 g (± 12.8) (Fig. 3B ). An increase in this effect was also found after 1 minute (P = 0.006, F 4,25 = 
Resistance Exercise Induces an Increase in CB 1 Cannabinoid Receptor Expression in the Rat Brain
To confirm the hypothesis of the involvement of cannabinoid receptors in RE-induced antinociception, we used Western blot analysis. The results obtained after RE were compared with those obtained from nonexercised animals (control group) using an unpaired t test. Immediately after RE, a significant increase from 0.66 (± 0.15) to 1.53 (± 0.12) (P = 0.003, CI 99%: −1.42 to −0.30, n = 5) of CB 1 receptor expression in rat brain was observed when compared with the control group (nonexercised) (Fig. 4 ). Figure 5 shows that AEA and 2-AG as well as the AEA congeners, PEA and OEA, were significantly increased in plasma immediately after RE compared with the control group (nonexercised animals). The following increases were found: AEA from 1.35 (± 0.10) to 2.07 pmol/mL (± 0.09) (P = 0.001, CI 99%: −1.600 to −0.1753, n = 5) (Fig. 5A) ; 2-AG from 14.64 (± 0.46) to 28.97 pmol/mL (± 4.03) (P = 0.009, CI 99%: −27.37 to −1.603, n = 5) (Fig. 5B) ; PEA from 13.36 (± 0.43) to 17.42 pmol/mL (± 0.10) (P = 0.005, CI 99%: −5.173 to −3.207, n = 5) (Fig. 5C ); and OEA from 20.18 (± 1.90) to 27.95 pmol/mL (± 1.83) (P = 0.004, CI 99%: −14.36 to −2.214, n = 5) ( Fig. 5D ).
Resistance Exercise Increases Endocannabinoid Plasma Levels
Resistance Exercise Activates CB 1 Cannabinoid Receptors in the PAG
We evaluated the expression, activation, and localization of CB 1 cannabinoid receptors within the dlPAG and vlPAG regions (important regions in the modulation of pain) by double immunofluorescence staining with c-FOS (a marker of neuronal activity, red) and CB 1 (green). After RE, the expression of CB 1 cannabinoid receptors in neurons of the PAG regions was significantly increased from 7.00 (± 1.22) to 26.00 (± 2.91) (P = 0.000, CI 99%: −27.13 to −10.87, n = 5) in the dlPAG and from 9.20 (± 1.82) to 25.80 (± 2.08) (P = 0.000, CI 99%: −23.15 to −10.05, n = 5) in the vlPAG compared with the control group (animals nonexercised) ( Figs. 6 and 7) . Furthermore, c-FOS showed that more neurons were activated after RE within the PAG. This increase was from 9.20 (± 1.96) to 23.00 (± 3.96) (P = 0.006, CI 99%: −25.16 to −2.435, n = 5) in the dlPAG and from 10.00 (± 2.42) to 18.20 (± 1.42) (P = 0.004, CI 99%: −14.70 to −1.702, n = 5) in the vlPAG (Figs. 6 and 7) . Double immunofluorescence for CB 1 and c-FOS also demonstrated that CB 1 cannabinoid receptors were activated, upregulated, and colocalized with c-FOS (arrowheads) after RE in the dlPAG from 4.80 (± 1.31) to 16.40 (± 1.77) (P = 0.003, CI 99%= −16.84 to −6.365, n = 5) and in the vlPAG from 5.40 (± 1.36) to 13.40 (± 1.47) (P = 0.004, CI 99% = −12.74 to −3.258, n = 5). In addition, to confirm the increase of expression and activation of CB 1 cannabinoid receptors by RE, we injected AM251 intra-vlPAG and dlPAG at a dose (100 pmol/0.2 μL) based on the study by Moreira et al. 29 The drug was administered immediately before exercise. Thus, the results showed that AM251 partially reduced CB 1 expression after RE in both the dlPAG (P = 0.006, CI 99% = 3.198 to 20.00, n = 5) ( Fig. 8 ) and the vlPAG (P = 0.007, CI 99% = 2.156 to 18.03, n = 5) ( Fig. 9) regions. Furthermore, the number of neurons activated, identified by c-FOS and the colocalization c-FOS/CB 1 , were also partially reduced by AM251 pretreatment intra-dlPAG (P = 0.008, CI 99% = 2.130 to 20.67, n = 5, c-FOS; P = 0.007, CI 99% = 2.31 to 18.97, n = 5, c-FOS/CB 1 ) and vlPAG (P = 0.007, CI 99% = 2.61 to 19.54, n = 5, c-FOS; P = 0.009, CI 99% = 2.09 to 19.97, n = 5, c-FOS/CB 1 ) and the AM251 partially reduced, increased after RE ( Figs. 8 and 9) .
These results indicate that cannabinoid CB 1 receptor expression within the dlPAG and vlPAG is increased by RE and that the neurons that express these receptors are activated, supporting the hypothesis that CB 1 receptors participate in the antinociception induced by RE. 
DISCUSSION
We have confirmed that a single trial of RE produces antinociception. Focht and Koltyn 30 also found antinociception 1 minute after RE at 75% in humans. Most importantly, we observed that the antinociceptive effect induced by acute RE in our study was prevented by AM251 and AM630, preinjected either systemically (SC) or centrally (IT, ICV), suggesting the participation of CB 1 and CB 2 cannabinoid receptors in this response. Both receptors, in fact, have been demonstrated to be widely involved in the modulation of nociception. 31 In addition, some studies found that both cannabinoid receptor types participate in peripheral antinociception in rats. 11, 32 At the central level, studies verified that microinjection of AM251 reverses the suppressive effect of WIN55,212-2 (a cannabinoid agonist) on the spontaneous firing of spinal neurons evoked by neuropathic pain and the antinociception induced by epilepsy in different brain sites that participate in the descending control of pain in rats. 33, 34 However, at the central level, the involvement of CB 2 cannabinoid receptors in pain control is not as well documented as that of CB 1 receptors. 35, 36 Although CB 2 receptors are found in immune cells, 37 many studies have suggested their presence in the spinal cord and in some areas of the brain. 38, 39 Moreover, one study demonstrated that IT injection of JWH015, a CB 2 cannabinoid receptor agonist, reduced hyperalgesia induced by bone cancer pain in mice and that this effect was prevented by IT preadministration of AM630. 40 Other studies also confirmed the involvement of CB 2 receptors in the control of nociception at the spinal level. 41, 42 However, at the supraspinal level, only one study reported that noxious mechanically evoked responses in neurons of the ventral-posterior nucleus of the thalamus, 43 a site that modulates pain processing, 44 were reduced in spinal nerve-ligated rats by intrathalamic administration of the selective CB 2 cannabinoid receptor agonist JWH133. This effect was blocked by the CB 2 cannabinoid receptor antagonist SR144528, suggesting the involvement of CB 2 receptors in the control of noxious stimuli in this brain area. Thus, previous evidence supports our results that both CB 1 and CB 2 receptors may participate in the antinociception induced by exercise at both peripheral and central levels.
Previous studies have suggested the presence of CB 2 receptors in the brain, which caused debate and controversy. Furthermore, the specificity of the antibody for this receptor has also been questioned because some could not detect the native and, in some cases, the transfected CB 2 cannabinoid receptor antigen. Other problems with CB 2 receptor brain expression are due to the low expression of the CB 2A isoform in the brain regions and the low specificity of commercial antibodies against human hCB 2 epitopes for rodent brain immunostaining. Some commercial antibodies may be interacting with a CB 2B isoform, which is more strongly expressed in peripheral tissues than the CB 2A isoform. For these reasons, we did not perform any immunostaining or Western blot with CB 2 receptor antibodies to investigate CB 2 expression or activation in the brain.
On the contrary, we demonstrated, by both Western blot and immunofluorescence analyses, that after acute RE an upregulation and, possibly, activation of CB 1 cannabinoid receptors in the rat brain occurs, leading to neuronal activation within the dlPAG and vlPAG. The PAG has key functions in the descending control of pain. 45 studies showed that electrical stimulation of dorsal and lateral PAG regions induces analgesia both in animals and in humans. 46, 47 Moreover, cannabinoid receptor protein and mRNA are expressed in the PAG, 48, 49 and the activation of CB 1 cannabinoid receptors in this site by endocannabinoids induces antinociception by reducing inhibitory GABAergic influences on output neurons that project from the PAG to OFF cells of the rostral ventromedial medulla. 50 In addition, the reversal of aerobic exercise-increased expression and activation of CB 1 cannabinoid receptors in the dlPAG and vlPAG regions by the CB 1 cannabinoid receptor inverse agonist AM251 in the present study confirmed the possible participation of these receptors in the descending control of pain activation by aerobic exercise. Indeed, functional studies have shown that the microinjection of cannabinoids into the PAG produces antinociception to thermoceptive stimuli prevented by selective cannabinoid CB 1 receptor inverse agonist. 45, 51 The antinociceptive effect found after RE was enhanced and prolonged by inhibitors of endocannabinoid metabolizing enzymes. This finding supports the hypothesis that endocannabinoids are involved in the RE-induced antinociception. This was originally suggested by a study that found increased AEA plasma levels after aerobic exercise in humans, although in that study the nociceptive threshold was not measured. 17 In addition, some studies have demonstrated that peripheral and central injection of AEA and peripheral injection of 2-AG and PEA produce antinociception in rats. [52] [53] [54] [55] Another study also found that systemic injection of OEA reduced pain produced in the writhing test in mice. 56 Moreover, in support of our present results, it was reported that FAAH and MGL inhibitors, as well as AEA reuptake inhibitors, administrated peripherally or centrally, enhance endocannabinoid-mediated antinociception. [57] [58] [59] These enzymes may produce antinociception via increase in endocannabinoids levels. In addition, a study found an increase in antinociceptive effect in AEA and 2-AG levels after administration of FAAH and MGL inhibitors. 60 Furthermore, the present study demonstrated that VDM11 prolonged and enhanced the antinociceptive effect induced by RE. Although the molecular mechanism of inhibitors of AEA cellular uptake is undefined, studies have found an improvement of antinociception with VDM11. Hohmann 61 demonstrated that VDM11 administered systemically enhanced stress-induced antinociception in rats.
Some
In further support of the participation of endocannabinoids and related mediators in the antinociceptive effect induced by RE, in the present study we found increased plasma levels of AEA and 2-AG, as well as of the 2 AEArelated analgesic and anti-inflammatory mediators, PEA and OEA, immediately after the end of exercise. AEA has preferential affinity for CB 1 receptors, whereas 2-AG exhibits affinity and functional activity for both CB 1 and CB 2 receptors. 61 PEA and OEA do not activate cannabinoid receptors, 62, 63 although early studies reported that PEA may produce antinociception attenuated by the CB 2 receptor antagonist SR144528 and that OEA also inhibits pain by unknown mechanisms. 12, 56 It has been proposed that both PEA and OEA can influence nociception by activating either peroxisome proliferator-activated receptor-α or by desensitizing transient receptor potential vanilloid-1 channels. 64 Endocannabinoids are released from postsynaptic neurons to act retrogradely on presynaptic receptors and inhibit neurotransmitter release. This retrograde endocannabinoid signaling mediates 2 forms of short-term synaptic plasticity: depolarization-induced suppression of inhibition and depolarization-induced suppression of excitation. 65 Thus, once released from postsynaptic neurons, endocannabinoids may suppress neurotransmitter release, such as γ-aminobutyric acid and glutamate, which are involved in nociceptive transmission.
An important point of our study is that it is difficult to understand whether the antinociceptive effect was due to exercise or to electrical shock-induced stress. Early studies found stress-induced analgesia after electrical foot shock in rodents. 66 Warren et al. 67 found that electrical foot shock produced a stress-induced analgesia greater than that caused by swimming early in their experiment. In the present study, electrical shock applied in the control group (nonexercised animals) was the same intensity, frequency, and number of electrical stimulus than in the exercised rats and was not found to alter the mechanical nociceptive threshold.
However, physical exercise is a physiological stress, which is a defense mechanism produced by evolution. It is believed that stress-induced analgesia during exercise is the result of a phylogenetically ancient brain system whose function is to modulate or inhibit pain from stressful stimuli. In this context, the exercise used in our study would be an aversive stimulus. However, when compared with others models, it has been suggested to be the best model of RE. Other studies have used swimming with load in rats as a RE model, which however induces greater stress. 68 We suggest that during RE, an increase in actions potential derived from proprioceptors and nociceptors of muscle in contraction may occur, which will drive these inputs to the central nervous system with a consequent indirect increase of glutamatergic neurotransmission induced by endocannabinoids in the PAG, leading to enhancement of the descending control of pain.
The present study demonstrated that a single session of RE increased the mechanical nociceptive threshold of rats. Although this is a short-lasting effect, chronic training might be more efficient for the treatment of some types of chronic pain. However, some studies have found a reduction of exercise-induced analgesia after chronic training, 69 which, based on our present results, might be interpreted with cannabinoid receptor downregulation after chronic stimulation with increased endocannabinoid levels. On the contrary, the antinociceptive effect produced after a single session of exercise may be important to control acute pain during rehabilitation programs and may lead to feelings of effortlessness associated with the strict definition of the runner's high, thereby improving exercise performance by allowing individuals to run longer distances. 70 In conclusion, the present study indicates that the endocannabinoid system in part mediates the antinociception induced by RE. Cannabinoid receptors have been found in key tissues that produce important responses during exercise, such as bronchodilatation, vasodilatation, and euphoria. 17 Moreover, studies have demonstrated the involvement of the endocannabinoid system in movement control, 12, 39 aerobic capacity, and thermoregulation, 66, 67 supporting the hypothesis that exercise may activate it. Thus, the present findings open the way to further investigations of this system in exercise-induced therapies, whereas a single session of RE can provide pain relief and be useful for treatments of individuals or athletes undergoing rehabilitation programs. Furthermore, the present results warrant future investigations on the mechanisms responsible for the reduction of pain during exercise in both athletes and nonathletes. E
